ABSTRACT Salmonella Enteritidis (SE) prevalence in eggs is a major concern to the egg industry. Some research has shown that egg sweating can increase Salmonella penetration into egg contents when refrigerated eggs are moved to a warmer temperature. This occurs when eggs are tempered before wash, to minimize thermal cracks. The effect of egg sweating on SE penetration into shell eggs over a 6 week storage period at 4
INTRODUCTION
Egg safety is of paramount importance in the egg industry, with the presence of Salmonella being of particular concern to consumers. Salmonella can be introduced into an egg through some 10,000 pores in the shell (Yamamoto, 1997) and entry could be facilitated by "egg sweating" or the formation of condensation on shell eggs, when they are moved from a cold to a warm environment with a minimum relative humidity. Egg sweating occurs at many points during processing and distribution in the egg industry when previously cooled eggs are set out to warm before wash, as well as before transportation.
In 2012, the FoodNet by the Centers for Disease Control and Prevention (CDC) identified 7,842 human C 2017 Poultry Science Association Inc. Received August 30, 2016. Accepted January 4, 2017. 1 Corresponding author: jag0049@auburn.edu illnesses of Salmonella. Among these, 1,239 illnesses were serotype Enteritidis (CDC, 2014) with 29.3% of patients hospitalized. Of 10,319 outbreak-related illnesses caused by a single confirmed etiologic agent in 2012, Salmonella resulted in the most outbreak-related hospitalizations (449, 64%) (CDC, 2014) . Sixty-eight percent of Salmonella Enteritidis cases are associated with eggs or egg products (WHO, 2001) . While various serotypes have been isolated from egg shells, Salmonella Enteritidis has been isolated primarily from egg contents (Saeed, 1998) . Models have estimated that S. Enteritidis contamination in US-produced shell eggs is 1 in 20,000, or 0.005% (Ebel and Schlosser, 2000) . Salmonella has been estimated to be the number one cause of bacterial foodborne illness in the United States (Scallan et al., 2011) . United States Department of Agriculture (USDA) risk assessment data suggest that cooling eggs to 7
• C or below within 12 h of lay would reduce foodborne illness in eggs by 78% (FSIS, 2005) . Czarick and Savage (1992) and Anderson et al. (1993) reported that eggs cased in cardboard cases required 2393 almost 1 week to cool from 27
• C to 7 • C. Cooling is delayed if eggs are packaged immediately after processing.
Previous research exploring if egg sweating promotes Salmonella penetration into egg contents is scant and contradictory. Ernst et al. (1998) assessed both intact and cracked shell eggs and concluded that sweating did not increase S. Enteritidis numbers in the intact eggs tested. However, in contrast, Fromm and Margolf (1958) observed Salmonella penetrated more frequently in both washed and feces-contaminated eggs that were allowed to sweat for 3 and 5 h. De Reu et al. (2006) allowed condensation to form on agar-filled eggs for 30 min, while other eggs remained in storage at 20
• C. The frequency of Salmonella egg shell penetration was observed in the agar-filled eggs when condensation was allowed to form, although this effect was not observed using intact shell eggs.
The Food and Drug Administration (FDA) Egg Rule, which went into effect in 2010, allows previously refrigerated nest run or eggs from off-line production facilities to be tempered at processing room temperatures before wash for up to 36 h (FDA, 2009) . During this warming period, if the relative humidity (RH) is at a required minimum level, condensation will form on the eggs. However, at this stage the contents of the eggs are in an expansion mode and this creates a positive pressure in the egg which does not allow for movement across the surface to the contents. The bigger issue is when eggs are allowed to condense moisture on the surface and are then moved from a warm to a cold environment: this creates a negative pressure, which permits unevaporated moisture and bacteria on the surface to potentially translocate into the egg contents (Bruce and Drysdale, 1994) . This has been demonstrated with a mechanical vacuum that simulated a negative pressure, resulting in bacterial penetration of a partial egg shell (Haines and Moran, 1940) . According to Braun et al. (1999) , the level of S. Enteritidis penetration into the egg contents increases with temperature and relative humidity. This situation caused by egg sweating is widely believed to be a cause of bacterial penetration (Fromm and Margolf, 1958) . The instances when eggs might sweat include while sitting on belts before being collected for in-line processing, when being tempered before wash, and before or after cold truck transportation if the ambient temperature and RH permit. If eggs sweat at different time points during egg processing, unwanted Salmonella penetration into egg contents may occur.
The objective of this study was to assess the effect of egg sweating on Salmonella Enteritidis penetration into shell eggs stored over a 6week period. Eggs were exposed to maximum condensation that mimicked industry conditions. Published data by the authors quantified the maximum amount of condensation that formed on sweated eggs (Gradl et al., 2016) . The goal of the current study was to assess whether the occurrence of egg sweating is harmful to egg safety.
MATERIALS AND METHODS
A completely randomized block design study was conducted with a total of 1,100 refrigerated fresh unwashed eggs from an average of 65 wk old hens from a commercial egg plant. Eggs were randomly divided into 4 treatment groups with 84 eggs/treatment. Three replications of the study were conducted simultaneously with 336 eggs/rep. One egg was considered an experimental unit. Eggs were stored at 3 to 4
• C in pulp paper flats overnight in the available cold room. Treatments included (SES) NA-resistant Salmonella Enteritidis inoculated and sweated, (SENS) NA-resistant S. Enteritidis inoculated and not sweated, (NSES) buffered peptone water (BPW) inoculated and sweated, and (NSENS) BPW inoculated and non-sweated.
A 200 ppm nalidixic acid-resistant Salmonella Enteritidis suspension was utilized. An inoculum for each of 3 the replications was prepared with concentrations ranging from 1.2 to 9.45 × 10 8 CFU/mL ( Table 1) . Turbidity of the inoculum was determined with a spectrophotometer set at 660 nm (Thermo Electron Corporation Spectronic 20D+, Rochester, NY) with approximate concentration calculated from known standard curves. A sample of the inoculum was removed aseptically and plated in duplicate at various dilutions on 200 ppm brilliant green sulfur-nalidixic acid (BGS-NA) to confirm concentration. Eggs were allowed to equilibrate at ambient temperature (60% RH) overnight in pulp paper flats. Inoculums and BPW controls were taken from a 37
• C incubator before inoculation. SES and SENS eggs were were inoculated at ambient temperature with 25 μL 108 CFU/mL 200 ppm nalidixic acid resistant S. Enteritidis in BPW on the horizontal side of the egg. The inoculum was spread over the egg with a sterile loop into an approximately 2.5 cm diameter oval shape. Control treatment eggs were spread with 25 μL BPW using the same procedure described previously. Eggs were allowed to completely dry for 15 min. before being placed air cell side up in plastic flats and returned to a 3 to 4
• C cold room overnight. The next day, eggs in the sweated treatment were allowed to form condensation in a 32
• C, approximately 60% RH incubator for 17 min. Twelve minutes was previously determined to be the time required for eggs to form maximum condensate (an approximate 0.0007% weight gain (mL)/egg surface area (cm 2 ) in moisture) (Gradl et al., 2016) . The total time the eggs were in the incubator (RH 40 to 75%) was 77 min, because the large number of cold eggs put into the incubator at once required the humidity level to be adjusted with additional sterile water to allow the eggs to sweat. When the cold eggs were placed in the incubator, the action of opening the incubator door caused the RH to drop to an average of 40% for about 60 min. When the RH did not increase, sterile water was sprayed inside the incubator, which raised the RH to 75% for the remaining 17 min. Week 0 samples were taken immediately after sweat. The remaining eggs were stored while still wet in Table 1 . Average nalidixic-acid resistant Salmonella Enteritidis egg shell inoculum concentrations per replication in CFU/mL and log 10 CFU/mL. plastic flats in stacks of 3 in half-case cardboard boxes in a 3 to 4
• C cold room. Samples were taken weekly in the consecutive weeks 1 through 6.
The egg shell surface was sampled by the shell rinse method by Jones et al. (2002) , using 10 mL of 42
• C sterile phosphate buffered saline (PBS). Shell rinse contents were diluted as necessary and 0.1 mL was plated in duplicate on (BGS-NA) plates and incubated for 37
• C for 24 h before enumeration. The detection limit was 1 CFU at a 10 −2 dilution. Remaining shell rinse contents were pre-enriched with 1 mL sterile 10× BPW at 37
• C for 24 h. Rappaport Vassiliadis broth (RV) was inoculated with 0.1 mL of the pre-enriched egg shell rinse and incubated at 42
• C for 24 h. A loopful of the enriched samples was streaked onto BGS-NA and incubated at 37
• C for 24 h. A positive or negative result was recorded.
Eggs were dipped, twelve at a time on plastic flats, in 70% ethanol and allowed to air dry. The shell matrix and membrane contamination was determined by the shell crush method of Musgrove et al. (2005) . A single egg was cracked on a sterile beaker. Remaining adhering albumen was rinsed out of the egg shell with sterile 42
• C PBS. The shell and membranes from a single egg were placed in a sterile conical 50-mL centrifuge tube with 10 mL 42
• C sterile PBS and macerated for 1 min with a sterile glass rod. Egg shell emulsions were diluted as necessary and 0.1 mL was plated in duplicate on BGS-NA plates and incubated for 37
• C for 24 h before enumeration. Remaining egg shell emulsions were pre-enriched with 1 mL sterile 10× BPW at 37
• C for 24 h and previously described Salmonella prevalence procedures were followed.
The contents from each egg were placed in a 7 oz. sterile sampling bag and then stomached for 1 min at high speed. A 0.25 mL aliquot of contents was duplicate plated BGS-NA plates and incubated for 37
• C for 24 h before enumeration. Remaining egg contents were pre-enriched with 5 mL sterile 10× BPW at 37
Statistical Methods
A 2 × 2 factorial completely randomized design was utilized. Enumeration data were analyzed using the general linear model procedure of SAS (1989). The S. Enteritidis inoculum concentrations for each replication were treated as covariates. S. Enteritidis counts were transformed log 10 . A two-way repeated measures ANOVA was conducted that examined the effect of egg sweating and S. Enteritidis inoculation on S. Enteritidis enumeration counts over time. The main effects were inoculation and storage time. Least squares means were presented and compared using the LSMEANS/PDIFF option when the interaction effect was significant (P < 0.05).
Data for the enrichment aspect of the study were dichotomized as negative or positive for S. Enteritidis presence. The egg content Salmonella presence was not analyzed, since there were no positive results. Due to the small number of eggs per treatment, multiple Fisher tests were conducted using the FREQ command of SAS for each replication comparing the treatment results across a single week (P ≤ 0.05). Multiple Fisher tests were conducted comparing week results across a treatment (P ≤ 0.05). Replication results across a single treatment that were statistically similar were combined. Results are reported as percent positive prevalence.
RESULTS AND DISCUSSION
In layman's terms, the shell rinse enumeration data showed that both the SES and SENS treatments had S. Enteritidis growth in wk 0 (2.05 log 10 CFU/mL and 3.63 log 10 CFU/mL, respectively), while the 2 control groups showed no growth. In wk 1, the SENS treatment shell rinses had higher S. Enteritis counts (0.32 log 10 CFU/mL) than the other 3treatments. These results are explained by Table 2 , which presents the statistical analysis of the shell rinse enumeration data, which is found in Table 3. Table 2 presents the S. Enteritidis shell rinse enumeration data from Table 3 as a factorial arrangement of treatments (sweated, S. Enteritidis inoculated). From the shell rinses, the main effects were inoculation (I) (P = 0.0013) and storage time (P < 0.0001). The error term was defined as inoculation × sweating × replication (I × sweating (S) × replication (R)). Only the egg shell rinse counts were analyzed with this method. No S. Enteritidis counts were detected from the egg shell emulsion or contents for the duration of the study. The effect of I on S. Enteritidis recovery over the course of 7 wk was highly significant (P < 0.01). The effect of S on S. Enteritidis recovery over 7 wk was not significant (P > 0.05). Replications were significant at wk 0 and over the entire 7 wk (P < 0.05). The sweating × replication (S × R) interaction was not significant at wk 0, wk 1, or over the 7 wk (P > 0.05). The inoculation × replication (I × R) interaction was significant at wk 0 (P < 0.05), and not significant at wk 1, or over the 7 wk (P > 0.05). The main effect for shell rinse S. Enteritidis recovery was S. Enteritidis I (P < 0.01) at week 0. S. Enteritidis I was not a main effect during wk 1. Whether an egg was inoculated or not inoculated was a significant effect (P < 0.01) during wk 0 and 1. Week (storage time) (W) was a main effect (P < 0.01). The interaction between week, replication, and S. Enteritidis inoculation (W × R × I) was also significant (P < 0.01).
The S. Enteritidis recovery counts at wk 0, wk 1, and over the entire 7 wk study, categorized by sweated and S. Enteritidis inoculated, and summarized over 3 replications, are shown in Table 3 . Shell rinse recovery counts of S. Enteritidis (SE) in wk 0 resulted in the SENS treatment having higher S. Enteritidis counts than the SES treatment (3.63 log 10 CFU/mL and 2.05 log 10 CFU/mL). A higher inoculum concentration (Table 1 ) resulted in a general trend of less SE being recovered from the shell rinse in the SES treatment, but not the other treatments. No growth was detected from the BPW inoculated treatments (NSES and NSENS) in wk 0. In wk 1, the shell rinse SENS treatment had higher Salmonella counts (0.32 log 10 CFU/mL) than the other 3treatments, where no S. Enteritidis was enumerated. After week 1, no Salmonella counts were obtained from the egg shell rinse, shell emulsion, or egg contents. On the egg shell rinse, the SES and SENS treatments had higher S. Enteritidis counts during week 0 (3.63 log 10 CFU/mL and 2.05 log 10 CFU/mL) compared to week 1, where 0.32 log 10 CFU/mL was enumerated from the SENS treatment (Table 3) . No S. Enteritidis was detected on the shell rinses during wk 2 to 6.
The shell rinse, shell emulsion, and egg content S. Enteritidis-NA prevalence are shown in Tables 4 and 5. Eggs that were cracked before sampling were not included in the data analysis. In week 0, all of the Salmonella inoculated shell rinses (SES and SENS) were positive for Salmonella, with the NSES and NSENS shells having significantly fewer positive results (P < 0.0001). The positive S. Enteritidis prevalence of the control treatment (NSES and NSENS), 6/36 (16.7%) and 1/36 (2.8%) shells were due to contamination. Contamination could have been due to improper aseptic technique when switching between sampling from the S. Enteritidis inoculated eggs to the BPW inoculated eggs. Other causes could have been the NSES treatment becoming contaminated during the sweating process, or previously existing contamination on the unwashed eggs. During week 1, the shell rinse SENS treatment had significantly higher Salmonella prevalence (100%) than the SES (34.3%) (P < 0.0001), NSES (0%) and NSENS (0%) treatments (P < 0.0001). During week 2, the shell rinse SENS treatment had significantly higher S. Enteritidis prevalence (57.6%) compared to the SES treatment (22.2%) (P = 0.0034), the NSES treatment (0%), and NSENS treatment (3.1%) (P < 0.0001). Again, the contamination in the NSENS treatment 
Shell rinse, shell emulsion, and egg content samples taken weekly. Sweated eggs formed condensation for approx. 17 min in a 32
• C incubator. Inoculated eggs received 25 μL of an average 10 8 CFU/mL nalidixic acid resistant Salmonella Enteritidis. Uninoculated eggs were spread with 25 μL BPW. The detection limit was 1 CFU at a 10 −2 dilution. 2 ND = None detected. was most likely due to improper aseptic technique when sampling. In week 3, the shell rinse SENS treatment had significantly higher S. Enteritidis prevalence (38.2%) compared to the SES treatment (11.1%) (P = 0.0117) and the NSES and NSENS treatments (0%) (P < 0.0001). During week 4, none of the shell rinse treatments were significantly different in S. Enteritidis prevalence, with the only positive S. Enteritidis result on the SENS treatment (5.9%), while the rest of the treatments were negative (P > 0.05). In week 5, none of the shell rinse treatments were significantly different in S. Enteritidis prevalence, with the NSENS treatment positive for S. Enteritidis (2.9%), while the rest of the treatments were negative (P > 0.05). In week 6, none of the shell rinse treatments were significantly different in S. Enteritidis prevalence, with the SES treatment 5.55% S. Enteritidis positive, the SENS treatment was 2.8% S. Enteritidis positive, and the NSES and NSENS treatments were negative (P > 0.05).
Week 0 had significantly higher prevalence of S. Enteritidis compared to week 1 (100% prevalence compared to 34.3%) on the shell rinses from the SES treatment (P < 0.001). Week 1 was not significantly different in S. Enteritidis prevalence than week 2 (34% and 22.2%) on the shell rinses from the SES treatment (P = 0.3). Week 2 was not significantly different in S. Enteritidis prevalence on the shell rinses during week 3 (22.2% and 11.1%) (P = 0.34). Weeks 3, 4, 5, and 6 were not significantly different from each other in S. Enteritidis prevalence on the shell rinses (11.1%, 0%, 0%, and 5.5%, respectively) (P > 0.05). Eggs from week 6 might have been positive for SE, while weeks 4 and 5 were not, due to SE being present or injured but not being detected in weeks 4 and 5, or contamination. Egg sweating was not a significant factor in wk 6 results.
From the shell rinse Salmonella prevalence of the SENS treatment, weeks 0 and 1 were not significantly different (100% and 100%) (P > 0.05). Weeks 1 and 2 were significantly different in S. Enteritidis prevalence on the shell rinses (100% and 57.6%) (P < 0.0001). Weeks 2 and 3 were not significantly different in S. Enteritidis prevalence on the shell rinses (57.6% and 38.2%) (P = 0.1449). Weeks 3 and 4 were significantly different in S. Enteritidis prevalence on the shell rinses (38.2% and 5.9%) (P = 0.0026). Weeks 4, 5, and 6 were not significantly different from each other in S. Enteritidis prevalence on the shell rinses (5.9%, 2.9%, 2.8%) (P > 0.05).
From the shell rinse Salmonella prevalence of the NSES and NSENS treatments, none of the prevalence values were significantly different across weeks 0 to 6 with the exception of the contamination issues mentioned previously (P > 0.05).
There were no significant differences in shell emulsion Salmonella prevalence across treatments or weeks (P > 0.05). A single positive shell emulsion S. Enteritidis result occurred in the SES treatment during week 0. One positive shell emulsion from the SENS treatment occurred in weeks 0, 1, and 5. No S. Enteritidis was enriched from the egg contents throughout the duration of the study (Table 2) .
These results suggest that sweating eggs does not increase Salmonella Enteritidis prevalence in the egg contents over time. However, these results disagree with Fromm and Margolf (1958) , who determined the contents of inoculated eggs which were permitted to sweat, especially the "dirty" eggs were contaminated. The results of the current study agree with Ernst et al. (1998) , who inoculated eggs with Salmonella via immersion and found sweating did not increase Salmonella penetration in intact eggs. However, the study by Ernst et al. (1998) and others differed from Fromm and Margolf (1958) in that both dirty washed and unwashed eggs were dried after sweating before being returned to storage and sampled the next day. In the current study, inoculated eggs were sampled the same day they were sweated (wk 0). These differences in results could also be due to the change in chicken egg genetics between 1958 and present day (Anderson et al., 2013) .
The fact that the sweated eggs were in the incubator for 77 min could have possibly impacted the results of the study. The large number of eggs placed in the incubator at once caused the humidity levels to drop, which made manual adjustment of the RH necessary. Previous experiments by the authors have shown that a single egg takes approximately 12 min to form maximum condensation at 32
• C, 60% RH (Gradl et al., 2016) . Ideally, multiple treatments with different time, temperature, and relative humidity combinations would be tested to overcome this. Given the presented data, however, it can be concluded that sweating eggs does not increase S. Enteritidis penetration into shell eggs. Salmonella penetration into the egg membrane may occur with increased storage time, but the addition of sweating as a treatment did not impact this. Sweating did not impact the shell rinse prevalence of inoculated Salmonella during weeks 0, 1, 2, and 3 of the study. The inability of S. Enteritidis in our study to penetrate the egg shell matrix or the contents could be due to the method of inoculation. The drop method is not as effective at transferring S. Enteritidis as the dip method, because the dip method completely immerses the egg in S. Enteritidis, and is promoted by a temperature differential (Musgrove et al., 2010) . Other factors include the multiple defenses the egg has against bacterial invasion such as the barrier provided by the inner and outer membrane and antimicrobial peptides and proteins present in the albumen (Bruce and Drysdale, 1994) . It is possible that the refrigerated storage conditions resulted in Salmonella cells to become injured or slow in growth. Salmonella cells stop replicating at 7.2
• C (Kim et al., 1989) . It has previously been shown that dry egg shells (45% RH) in refrigerated conditions do not provide a good growth environment for Salmonella . It should be noted that S. Enteritidis might survive for up to 4 weeks on shells contaminated with feces, from which the pathogen can obtain its required nutrients (Schoeni et al., 1995; Braun et al., 1999; Little et al., 2005) ; however, this growth pattern was not the case with the current findings, as some of the eggs in our study had some adhering fecal matter. The findings suggest that S. Enteritidis present on egg shells can survive at low numbers for 6 weeks at a storage temperature lower than the 7.2
• C required by law. When egg shells were inoculated with S. Infantis and stored at 5.5
• C, the Salmonella survived for 10 weeks (Lublin et al., 2015) . However, Lublin and Sela (2008) found that S. Enteritidis was unable to survive at 6
• C for 4 to 8 weeks. The current findings suggest that egg sweating is not a significant risk factor in promoting Salmonella penetration into shell eggs.
